We present a comparative study of proton dynamics in unpoled non-ferroelectric polymer polyvinylidene fluoride (PVDF) and in its trifluoroethylene containing ferroelectric copolymer (with 70/ 30 molar proportion), using quasi-elastic neutron scattering. The neutron data reveal the existence of two distinct types of molecular motions in the temperature range investigated. The slower motion, which is characterized in details here, is ascribed to protons jump diffusion along the polymeric carbon chains, while the faster motion could be attributed to localized rotational motion of methylene groups. At temperatures below the Curie point (T c $ 385 K) of the composite polymer, the slower diffusive mode experiences longer relaxation times in the ferroelectric blend than in the bare PVDF, although the net corresponding diffusion coefficient remains comparatively the same in both polymers with characteristic activation energy of E A % 27-33 kJ/mol. This arises because of a temperature dependent jump length r 0 , which we observe to be effectively longer in the copolymer, possibly due to the formation of ordered ferroelectric domains below T c . Above T c , there is no appreciable difference in r 0 between the two systems. This observation directly relates the known dependence of T c on molar ratio to changes in r 0 , providing fundamental insight into the ferroelectric properties of PVDF-based copolymers. V C 2015 AIP Publishing LLC.
Ferroelectric polymers are attractive due to their highflexibility, low production cost, and easy integration with silicon-based and organic electronics. Owing to their remarkable ferroelectric and electromechanical properties, poly(vinylidene fluoride) (PVDF), and its copolymers with trifluoroethylene (TrFE) or tetrafluoroethylene, are considered for actuators, non-volatile memories, organic thin-film transistors, high-power-density capacitors, and energy-harvesting. [1] [2] [3] [4] [5] [6] [7] [8] The functional properties of these polymers depend largely on their crystal phases, which are characterized by different conformations of hydrogen and fluorine atoms around long-chain carbon backbones. In unpoled state, PVDF exists in the lowest energy a-phase, which is nonpolar and has a combination of trans(T) and gauche(G) bonds packed in antiparallel fashion (Figure 1(a) ). When PVDF is copolymerized with other fluoropolymers, the presence of additional fluorine atoms leads to different conformations and polarization characteristics. For example, the additional F atoms in P(VDF-TrFE) causes an increased stabilization of the b-phase that has an all-trans(TTTT) configuration [9] [10] [11] and has a net ferroelectric polarization at room temperature (RT) (see Figure 1(b) ). Changes in relative proportions of T and G bonds are also caused by temperature or external electric fields. 10, 12 In order to better design ferroelectric copolymers for applications in high-frequency devices and variable environments, it is important to understand the effects of such configurational changes on dynamics of mesoscopic molecular motions. Dielectric spectroscopy and dynamic mechanical analysis elucidated the relaxation times for PVDF copolymers in the macroscopic time scales of t ! 10 À6 s (or frequency, f 10 6 Hz). [13] [14] [15] At the other end of the spectrum, Raman and IR spectroscopies provided insights into how atomistic vibrational dynamics in PVDF polymer chains in sub-picoseconds time scale (or f ! 10 12 Hz) are altered by different configurations. [16] [17] [18] In comparison, the effects of configurational changes on relaxational dynamics in PVDFcopolymers at picoseconds-to-nanoseconds are not well understood, although such motions play critical roles in phase transition and switching behaviors.
Quasielastic-neutron-scattering (QENS) is an excellent technique for characterizing relaxational dynamics in polymers in the picoseconds-to-nanoseconds time-scale. 19, 20 Application of QENS to study PVDF-copolymers has been rather limited, in comparison to other spectroscopic techniques. Earlier QENS studies of P(VDF-TrFE) 21, 22, 31, 32 revealed the nature of molecular motions, such as (a) a vibrational motion of Debye-Waller type, (b) a slow jump diffusive motion within confined volumes, and (c) a fast localized rotational diffusive motion. These co-polymers are typically semi-crystalline with average crystallinity of $70%. 32 All these motions showed characteristic changes during ferroelectric-to-paraelectric phase transition. However, for same temperatures both below and above the T C , the differences in relaxational dynamics between an all-T configuration and a mixed state of T and G bonds are not entirely clear. Here, using comparative analysis of QENS spectra in a-PVDF and a)
Authors to whom correspondence should be addressed. Electronic addresses: jalarvonh@ornl.gov, abhijit.pramanick@gmail.com, and omardiallos@ornl.gov. 70/30 P(VDF-TrFE) copolymer, we examined the effect of stabilizing an all-trans configuration on the dynamics of molecular motions at picoseconds-to-nanoseconds timescale. While a-PVDF has alternating T and G bonds, an all-T configuration is stabilized in the P(VDF-TrFE) copolymer, which can have up to 75% crystalline chains in polar all-T configuration as reported for 68 mol. % VDF content. 4, 23 Both experimental 24 and theoretical studies 10 indicate that during ferroelectric-paraelectric phase transition conformational changes in the P(VDF-TrFE) copolymer occur only in the VDF segment, while no changes occur at the position of the TrFE monomer. Therefore, for comparative analysis of the two polymers, differences in their QENS spectra should majorly originate from the altered configurations of their (CH 2 -CF 2 )-segments.
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The relaxation mechanisms in PVDF-copolymers were studied by QENS at the BASIS backscattering-spectrometer of the Spallation Neutron Source (SNS) at the Oak Ridge National Laboratory (ORNL). 25 BASIS utilizes Si(111) crystal analyzers to Bragg-select neutrons scattered off the sample at various angles. The wavelength of the incoming neutron beam is centered at 6.4 Å yielding an accessible dynamic range free from spurious background from À100 to þ100 leV, and an energy-resolution at the elastic peak of $3.4 leV (full-widthat-half-maximum). The data were selectively summed together into 9 Q-bins, from 0.2 to 2.0 Å The polymer samples were purchased from Piezotech, S.A.S. (France). As per supplier provided documentation, the Curie (T C ) and melting (T M ) temperatures of the P(VDFTrFE) copolymer are $385 K and $429 K, respectively. For the PVDF film, the T M is $448 K. T C for PVDF is estimated to be $473 K; 26 however, since it is more than T M ,T C is not observed experimentally. The remnant polarization for the ferroelectric P(VDF-TrFE) film is $9 lC/cm 2 , which is consistent with earlier reported values. 1, 4, 23, 27 For further thermal and electrical characteristics of the polymer films, the reader is referred to supplier documentation 28 and existing reviews such as Refs. 4, 23, and 29. The as-received samples were sealed into an annular Al can, and the QENS spectra were recorded at various temperatures, between 20 and 400 K. High-statistical-quality QENS data were collected at 300, 340, 370, and 400 K. The polymer films are approximately 40 lm thick, so that multiple scattering effects in these highly hydrogenous materials are minimized. The lowest temperature dataset (20 K) , in which all observable molecular dynamics become resolution limited, was used to represent the instrumental resolution function. RT data collected from annular vanadium were used to normalize the data against variability in the detector efficiency.
Since the incoherent scattering cross-sections of C and F are nearly zero, and that of H is $80 barns (10 À24 cm 2 ), the QENS response arise exclusively from H dynamics. For estimating the range where measurable H dynamics set in, the temperature-dependent elastic-incoherent-neutron-scattering (EINS) contribution was calculated by integrating the measured spectra around the zero-energy-transfer line (x ¼ 0) from À3.5 to 3.5 leV. In Figure 2 , this so-derived EINS for both PVDF and P(VDF-TrFE) are shown for Q of (a) 0.5 and (b) 1.7 Å
À1
, corresponding to molecular length-scale of about 12 and 3.7 Å , respectively. EINS decreases with increasing temperatures as vibrational states get populated (described by Debye-Waller factor) and more rapidly when anharmonic vibrations, localized or long-range diffusive motions, become apparent in the measured time-scale. The decrease in EINS with increasing temperature is significantly more at high-Q than at low-Q. A slight change in slope of EINS at $160 K and another well-defined transition at $300 K can be noticed. A lattice stiffening phase transition due to local charge fluctuations was reported earlier in P(VDF-TrFE) films, 30 which is likely the cause for the transition observed here at $160 K. The change in the slope of EINS at $300 K arises from the diffusive dynamics of the protonated side-groups. This second transition, which is closer to T C for P(VDF-TrFE), is observable at the entire measured Q range. The decrease in EINS above 300 K is significantly larger for P(VDF-TrFE) than for PVDF. EINS for P(VDF-TrFE) also shows a larger thermal hysteresis. Thermal hysteresis in PVDF-copolymers is associated with anharmonicity of the vibrational motion of protons attached to the main carbon chain, which likely originates from dipole-dipole interactions. 31, 32 Therefore, the larger hysteresis in P(VDF-TrFE) as compared to PVDF for same temperatures is interpreted as a result of greater dipole interactions in P(VDF-TrFE), which is a consequence of stabilized all-T configuration in the copolymer. 9 The rapid decrease in EINS for T ! 300 K for both polymers indicates onset of thermally-activated diffusive processes on time-scales that are observable on the spectrometer. This is seen as a relative increase in the QE scattering, as illustrated for PVDF in Figure 3 for selected temperatures of 20, 300, and 400 K at Q ¼ 1.7 Å
. The 20 K data represent the instrumental resolution, whereas the 300 and 400 K data show the temperature-dependent QE broadening. As the elastic peak intensity decreases with increasing temperatures, the QE broadening of the spectra becomes obvious. Since analysis of EINS is primarily used for diagnostic purposes, a detailed analysis of the QENS spectra is followed to evaluate the actual characteristics of the polymer dynamics.
Dynamics of the PVDF and P(VDF-TrFE) samples can be analyzed from QENS measurements at temperatures where the motions fall within the spectrometer time window (approximately picoseconds-to-nanoseconds). The EINS data indicate that a significant portion of the protons contribute to the broadening of the QENS signal above 300 K. To gain further insights into the molecular motions, we fitted the QENS spectra at each Q to the following SðxÞ model convoluted with the instrument resolution function R(x) in the energy x domain
where f is a scaling factor, A 0 is the elastic scattering fraction of the total scattering, and p i the spectral weight of the ith quasielastic (QENS) component. The spectra at 20 K (where no diffusive processes can be observed within the measured time-scale) are used as the resolution function R(x). B(x) is an adjustable linear background term. For the present data, we found it necessary to use two Lorentzian components (n ¼ 2), each of which can be associated with one of the dynamical processes identified above. However, only processes occurring on picosecond-to-nanosecond timescales can be fully observed, and consequently reliably interpreted. To distinguish between the two observed components, we denote the halfwidth-at-half-maximum of the broader and the narrower components by C fast and C slow , respectively. Figure 4 shows the A 0 , C fast , and C slow , for the two different polymers. A clear decrease in A 0 with increasing Q is observed at all temperatures. C fast are about an order of magnitude larger than C slow and appears to be Q-independent, indicating a dynamical process that is localized in nature. This type of fast, localized motion can be attributed to methylene rotations. The determination of C fast is less reliable, with randomly scattered values with respect to Q and large error bars. Low energy vibrational/librational modes contribute to this dynamics 21, 22, 31, 32 and since they are not fully described by the model, we cannot reliably draw conclusions on the temperature dependence of C fast . However, we , with a C slow that is consistent with a jump-type diffusive motion (lines are fits of Eq. (3)) and a C fast (Q) that is largely independent of Q. observe a clear systematic dependence of C slow on temperature, which we discuss below.
The advantage of QENS over other spectroscopy techniques is due to the momentum-transfer (Q) dependence of QENS spectra and possibility to extract geometrical details of the diffusion process. For instance the Q-dependence of A 0 can be studied to estimate the protons fraction diffusing along the carbon backbone within a cylinder of length L. The following expression 33 was fitted to the A o values obtained from the fits of Eq. (1):
where j 0 (x) is the spherical Bessel function of first kind, and (1-c 1 ) is the fraction of protons diffusing in the cylindrical volume. Selected A 0 (Q) data and fits to Eq. (2) are shown in Figure 4 . L and (1-c 1 ) are listed in Table I . We find L $ 3Å in both polymers. A minor trend can be noted where L decreases with increasing temperatures for the copolymer up to 370 K, which is opposite for the bare PVDF. At 400 K, L increases greatly for PVDF (L > 10 Å ). Since both polymers have comparable T M above 400 K, we conclude that the random network of ferroelectric ordered domains, which is absent in the paraelectric phase, sets the size of confinement. The protons fraction diffusing in the cylindrical volume (1-c 1 ) is smaller in PVDF than in P(VDF-TrFE) at all temperatures, except perhaps at 300 K, where c 1 and L are similar for both samples.
(1-c 1 ) increases from 11% at 300 K to 66% at 400 K in PVDF, and from 12% to than 91% in P(VDF-TrFE) over the same temperature gradient. This is understood in the light of an earlier work, 21 where two diffusion processes were described; (i) diffusion below the paraelectric transition temperature involving both amorphous and crystalline regions in the sample, for which the number of diffusing protons increases with increasing temperature, and (ii) diffusion in the paraelectric phase involving crystalline regions. Accordingly, it is apparent that at T ¼ 300 K both samples exhibit similar characteristics. When entering the phase transition region, contributions from the paraelectric crystalline domains lead to increasing fraction of diffusing protons for the copolymer.
In Figure 4 ,w es h o wC slow , which exhibits a strong Qdependence, and can be associated with a translational diffusive process. C slow is discernibly and consistently smaller in P(VDF-TrFE) than in PVDF below T c . C slow saturates at higher Q, indicating that the diffusion process consists of jumps. Furthermore, it can be noted that the C slow does not approach zero at Q ¼ 0, indicating diffusion within a restricted volume. Adapting the model described in literature, 21 ,34-36 C slow can be described as jump diffusion with Gaussian distribution of jump lengths
where s corresponds to the characteristic time of the jumps and r 0 is the average jump length. The corresponding diffusion coefficient is D ¼ 2s . The observed temperature dependent s and D values for the two polymers are summarized in Figure 5 .Wh il eD appear to be comparatively similar in both samples, the characteristic relaxation times s are consistently larger in the 70/30 P(VDF-TrFE) copolymer at all temperatures investigated. In general, the observed jump length, r 0 is longer in the copolymer than in the bare PVDF. We argue that due to an increase in the unit cell volume in the polar all-T phase, which is caused by the bulkier TrFE monomers, 37 there is an increase in the spacing of the proton jump sites and consequently an extension of their jump time. Above T c ,w h e r e there is no preferential configuration between the T-and G bonds and both polymers still maintain their semi-crystalline nature, s becomes comparable. This suggests a connection between the all-T configuration and the observed dynamics retardation in the copolymer below T c . Using QENS, we have identified two characteristic diffusive processes in PVDF-based copolymers. We have found a connection between the temperature-dependent molecular jump length r 0 and molecular configurations that is set by molar ratio and ferroelectricity. The proton jump lengths become longer in the ferroelectric phase, when compared to the paraelectric phase, due to larger spacing between the jump sites. While the appearance of ferrolectric domains below T c does not appear to affect the effective proton diffusion at the investigated time scales, the value of T c clearly depends on the size of the domains which in turn depends on the molar ratio of copolymerization. We conclude that fundamental characteristics of proton diffusions such as the jump length, not typically considered, can be used to better understand ferroelectric properties of polymeric PVDF materials as it is directly related to their dynamic properties.
